Anodic aluminum oxide (AAO) has been fabricated in the 0.3 M oxalic acid at voltage range 20-60 V and temperature range of 35-50 o C. The resulting nanoporous alumina surfaces were characterized by high resolution scanning electron microscopy, and the images were quantitatively analysed by means of an innovative approach based on fast Fourier transform. The infl uence of operating anodization voltage and electrolyte temperature on nanopores geometry (pore diameter, interpore distance, porosity, pores density) and arrangement has been studied in details and compared to literature data and theoretical calculations. It was found that independently from the temperature, the best arrangement of the nanopores is for anodic aluminum oxide formed at voltages ranging from 40 to 50 V. Moreover, it was found that pore diameter and interpore distance increase linearly with voltage, what is in line with the literature data.
INTRODUCTION
Anodic aluminum oxide (AAO) is a nanostructured material formed with electrochemical oxidation of aluminum foil. It consists of parallel, hexagonally arranged nanopores 1 . Nanoporous AAO serves very often as a template for nanofabrication and can be used in numerous applications such as: synthesis of nanowires 41 , propionic 41 , glycolic 41 and succinic 39, 41 acids were used. It is a well-recognized fact that geometrical features of the anodic alumina like: pore diameter, interpore distance, porosity, pores density and thickness of the porous oxide layer, equal to the pores depth, are strictly related to the operating conditions, including: type, concentration and temperature of the electrolyte, applied voltage and duration of the second step of self-organized anodization
1, 32-38
. For example, pore diameter and interpore distance increase linearly with increasing voltage
. Temperature and time increase pore diameter, due to the enhanced etching of the grown oxide by the electrolyte, however neither temperature nor time effect was reported for the interpore distance 34 . Due to a large variety of applications of anodic alumina, a fast and effi cient method of AAO fabrication is demanded. In this paper, fabrication of anodic aluminum oxide (AAO) via 15-minutes long anodizations in 0.3 M oxalic acid at elevated temperatures is investigated, while typical anodization procedures are few hours long, making fabrication of alumina templates time consuming. In this work, the infl uence of operating conditions on geometrical features (pore diameter, interpore distance, porosity, pores density) and nanopores arrangement with the use of Fast Fourier Transforms (FFT) has been studied in details and compared with the literature data. The morphology of the obtained nanostructures was examined by fi eld-emission scanning electron microscope (FE-SEM) Leo 1530 (Carl Zeiss, Germany). Geometrical features, excluding interpore distance, of the AAO nanostructures were estimated from six independent FE-SEM images of sample obtained at certain set of the experimental conditions, with the use of NIS-Elements image analysis software. Fast Fourier Transforms (FFT) and interpore distances were estimated from six independent FE-SEM images at a certain set of the experimental conditions with the use of WSxM software 42-43 . voltages the FFT images are blurred and for 40.0 and 50.0 distinct dots in the corners of the hexagon are seen, what corresponds to the poor and high quality arrangement respectively. Moreover, the radial averages of the FFT also bring the information about the formed AAO nanostructures. The abscissa of the radial average maximum is the inverted value of the average interpore distance at the analyzed image. In Figure 1 The pore diameter increase with electrolyte's temperature is noticeable. However, no temperature effect on the interpore distance is observed (no shift of the abscissa of FFT radial average). The ordinate of the FFT changes in radial average maximum position, however no distinct tendency has been observed.
RESULTS AND DISCUSSION
Quantitative analysis of the FE-SEM images shows that pore diameter increases linearly with the voltage (Fig. 3A) . It is in accordance with the literature data 1, [32] [33] [34] [35] 44 . On the other hand, pore diameter increase with the electrolyte temperature is almost insignifi cant, probably due to the relatively short time of the anodization. For longer anodizations, pore diameter increase with the electrolyte temperature is much stronger [34] [35] . It may be linked with the chemical reaction inside the pores between the grown oxide and the acidic electrolyte. During 15-minutes long anodization, a much smaller quantity of the oxide could react with oxalic acid than during the a few times longer anodizations 34 . According to Pashchanka and Schneider, the temperature of the electrolyte infl uences two phenomena responsible for the anodic oxide growth: attraction and diffusion 46 . One has to be aware of the complexity of the phenomena at the electrode-electrolyte interface during the anodic oxide growth. A celled anodic oxide growth is a result of Rayleigh-Bénard convection phenomena, where physical quantities like: voltage, anions' charges, electric conductivity and dynamic viscosity of the electrolyte play major roles
39, 46
. Moreover, during anodic oxide growth, phenomena like coulombic attraction and diffusion are accompanied by local pH drops and increases (due to the locally occurring chemical reactions), formation of colloidal oxide-hydroxide Al(O)OH particles and migration of ions 39, 46 . thus the statement about the increased chemical reaction rate between electrolyte and grown oxide is just a convenient simplifi cation, useful for the technological purposes.
As it was noticed on the basis of the FE-SEM images and FFT radial averages, interpore distance increases linearly with the voltage (Fig. 1B) . The same observations were reported for AAO formed at different operating conditions
34-35
. Moreover, no temperature effect is observed for interpore distances, what is also in line with the literature data 34-35, 44 . Additionally, according to theory 34-35 , every voltage increase for 1.0 V causes interpore distance increase for 2.5 nm and the fi tted curves to the interpore distance -voltage have slope close to the 2.5 (Fig. 3B) .
Another quantity characterizing the anodic alumina is porosity. It can be estimated from the pore diameter and interpore distance with the following equation (1) 34 :
( 1) where a is porosity, D p is the pore diameter and D c is interpore distance. As it can be concluded from the equation, the porosity should be a quadratic function of the voltage. Porosity estimated from the equation with the use of the experimental data, actually is the quadratic function of the voltage (Fig. 4A) . Moreover, it can be seen that the greater the electrolyte's temperature, the greater the porosity, which is caused by increased pore diameter at fi xed interpore distance with temperature increase. The greater the porosity, the greater the close-packaging of the deposited individuals while the obtained AAO would be applied as a template for the nanofabrication. Another quantity important for the nanofabrication with the use of AAO is the number of pores occupying a given area, called the pore density.
As it can be directly seen from the FE-SEM images, the greater the voltage, the less pores on the given area (Fig. 1) . Here, there is also no temperature effect (Fig. 2) , because pores density is strictly linked to the interpore distance 34 (2):
where n is a number of pores occupying 1 mm 2 and D c is the interpore distance. In the fi gure 4B one can see a distinct decrease of pores density with the voltage, which is very close, for all the temperatures, to the theoretical equation obtained via substitution of D c by 2.5 . 10 -3 U, where U is voltage. Therefore, for the smallest voltages, even 350 pores are on 1 mm 2 . for the smallest voltages, results obtained directly from FE-SEM images and calculated from the theoretical equations are not in a good agreement, because the equation is dedicated to the ideally, hexagonally arranged arrays and the small voltages of anodization spoils the arrangement of the pores.
As it was previously stated, fast Fourier transforms radial average is a distribution function of the inverted values of the interpore distance. Thus, FFT based quantitative arrangement analysis can be done here with the use of the radial averages. It is clear, that the less intensive and wider radial average maximum peak is, the broader is the interpore distance distribution, which means less uniform nanopore arrangement. On the contrary, the more intensity, more distinct and narrower FFT radial average, the better arrangement of the formed anodic aluminum oxide. Therefore, the intensity to the width at half of the peaks height should be a quantity which can reliably describe the interpore distance distribution and the nanopores arrangement in the consequence (3): (3) where: R -regularity ratio, I -intensity, W 1/2 -width at half of the intensity. Reported approach differs signifi cantly from the previously reported 36 . Typically, FFT derived regularity ratio is based on three independent intensity profi les conducted through the FFT. Here, radial average takes into account the whole FFT what makes the obtained regularity ratio rather more similar to the pair distribution function 45 than to the classical FFT-based regularity ratio. The quantitative arrangement analysis shows that the best arrangement of the anodic alumina formed via 15-minutes long anodizations in 0.3 M oxalic acid is for nanostructures formed at voltages ranging from 40.0 to 50.0 V, independently on the temperature (Fig. 5) . Thus, the results are in a good agreement with the reported analyses conducted with the use of other methods for AAO formed in 0.3 M oxalic acid at lower temperatures and under longer anodization times 45 . . Additionally, the method reported in this paper is more convenient and faster than the typical FFT based regularity ratio, or the preparation of the defect maps.
CONCLUSIONS
Two step self-organized 15-minutes long anodization in 0.3 M oxalic acid provides anodic aluminum oxide with controllable geometrical features, including pore diameter, interpore distance, porosity and pores density. It was found that pore diameter and interpore distance increase linearly with voltage, what is in agreement with literature data. However, temperature effect on the pore diameter was much smaller than in the case of AAO formed by longer anodizations, even at much smaller temperatures. On the other hand, on increasing the temperature the porosity is increased, what translates into better close--packaging of the pores. Moreover, pores density relies only on the voltage and is in a good agreement with the theoretically calculated data, especially for anodizing the voltages close to the 40.0 V. A novel approach of the quantitative arrangement analysis based on the fast Fourier transforms radial averages is a fast and elegant method bringing the information about interpore distance distribution. Regularity ratio based on this method, reveals that the best interpore distance uniformity of the AAO formed in 0.3 M oxalic acid is for the nanoporous arrays formed at voltages ranging from 40.0 to 50.0 V.
